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Abstract
In young growing vertebrates, the head of the femur is attached to the neck by a
cartilaginous joint (femoral capital epiphyseal plate) comprised of growth cartilage with an
interdigitating arrangement of undulations of various sizes called mammillary processes and a
perichondrium. Occasionally the femoral head and the neck separate, a condition known as
slipped capital femoral epiphysis (SCFE). It has been suggested that mammillary processes
function to reduce the likelihood of such a slip (SCFE). After removing soft tissues from the
proximal ends of eight mongrel pig femurs (nine days preterm to 30 months), the exposed
growth plate surfaces on the epiphyseal and metaphyseal sides of the joint were scanned with a
high– resolution laser scanner. The mammillary processes of the capital femoral growth plate
were analyzed using surface roughness measures. In the youngest specimens, the largest
mammillary process, the epiphyseal tubercle, was located in the cranio-caudal region. Towards
the end of growth, it was found in the cranio-lateral region. This differed from the posterolateral
location in the human femoral capital epiphyseal plate at age of puberty, but the general
morphology of the tubercle was similar. A radial pattern of smaller peripheral mammillary
processes forming radial ridges emerged as a function of age and may contribute to joint stability
and provide resistance to torsion. Understanding the development of this joint may provide
insight into the etiology of SCFE.
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Preface
Chapter 3, the main body of this thesis, is composed of the following journal article:
“Morphometric Analysis of the Pig Proximal Femoral Epiphyseal Plate”, written for submission
to the American Association of Anatomists Journal, The Anatomical Record.
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Chapter 1. Introduction
The growth plate or epiphyseal plate is a temporary cartilaginous joint where cartilage is
converted to bone, allowing for a long bone to grow in length and circumference. This joint
develops early in life through a process known as endochondral ossification. The femur is
initially formed in the embryo as a limb bud that develops into a hyaline cartilage structure that
continues to grow by chondrogenesis. A primary ossification center develops in the middle of the
femoral shaft (diaphysis), and by the end of the embryonic stage the cartilage in the shaft is
converted to form a bony collar that grows in both the proximal and distal directions. In the
human fetus and newborn, the entire femoral head consists entirely of cartilage. By 4-7 months
after birth in humans the secondary ossification centers appear at the joint ends and the cartilage
is progressively replaced by bone, eventually leaving a thin layer of cartilage at the articulating
surfaces and an epiphyseal plate of growth cartilage. The proximal femoral epiphyseal plate is
one such growth plate, sandwiched between the metaphysis of the femoral neck and the
epiphysis of the femoral head(Clarke, 2008; Martin et al., 2015). At an early age, the growth
plate is a relatively flat disk. Between 14 months and 5 years in humans, interlocking bone pegs
(mammillary processes) develop, reaching their maximum height between ages 6 and 13, that are
believed to help resist shear during weight bearing (Chung, 1991) This increasingly more
corrugated interface includes a large central mammillary process (epiphyseal tubercle), and
smaller peripheral undulating mammillary processes emerge, creating an interlocking interface.
It is unclear exactly what drives the development of these mammillary processes, or why the
interface fails in the disorder slipped capital femoral epiphysis (SCFE), a painful condition that
occurs in adolescent children where the metaphysis slips in relation to the epiphysis (Aronsson &
Karol, 1996; Crawford, 1988).
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Encircling the growth plate is a tissue first described by Ranvier, that includes a fibrous
band called the perichondrial ring bridging the bone-cartilage junction and transitioning into
periosteum, a thin layer of tissue that covers the shaft of the bone. The perichondrial ring
provides significant biomechanical stability to the joint, working in concert with the interlocking
mammillary processes (Chung, 1991; Ipsen et al., 2002; Martin et al., 2015; Schneider et al.;
Snyder et al., 2006). The femoral epiphyseal plate continues to expand bone growth until
maturity, when the thickness of the physis reduces, and the joint ultimately closes, fusing the
epiphysis and metaphysis (Martin et al., 2015).
It has been proposed that these features (mammillary processes, perichondrial ring and
growth plate thickness) may be important factors in the prevention of the multifactorial disorder
SCFE (Chuinard et al., 2004; Chung et al., 1976; Ipsen et al., 2002; Jónasson et al., 2014). This
disorder has also been observed in the domestic pig, which has anatomical features similar to that
of the human counterpart (Jubb, 1985). The one–year–old porcine capital femoral epiphyseal
plate has been shown to have physiological values regarding perichondrial strength, comparable
to what has been reported in human adolescents (Ipsen et al., 2002; Jónasson et al., 2014).
However, the development of the epiphyseal tubercle and surrounding mammillary processes
have not been characterized for the porcine model. Though there have been previous studies
regarding the development of the human epiphyseal tubercle and the possible role it may have in
joint stability (Liu et al., 2013; Tayton, 2009), little attention has been given to the peripheral
mammillary processes. The objective of this study was to provide a qualitative and quantitative
analysis of the development femoral head mammillary processes and compare them to what has
been reported for the human proximal femoral epiphyseal plate.
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Chapter 2. Background
Anatomy
Longitudinal growth of the femur occurs by means of endochondral ossification, which is
the gradual replacement of cartilage by bone. The femur develops from a cartilage “anlage” or
model of the bone. A primary ossification center first develops in the shaft (diaphysis), followed
by secondary centers of ossification at the joint ends of the long bone (epiphyses). Where the
growth fronts from the primary and secondary ossification centers eventually meet, a thin layer
of growth cartilage (epiphyseal plate or growth plate) forms a joint that remains for many years
until growth ceases (Fig 1). This proximal epiphyseal plate or growth plate joins the head and
neck of the femur with an undulating interface of hills and valleys, referred to as mammillary
processes. The focus of this study is the morphometry of the mongrel pig proximal femoral
epiphyseal plate and its development from birth to adolescence.

Figure 1: The proximal femur as the metaphysis and secondary centers of ossification develop to
form the capital femoral epiphysis (femoral head) and greater trochanter (blue dashed line).
Schematic drawn after: Edgren W. Coxa plana. A clinical and radiological investigation with
particular reference to the importance of the metaphyseal changes for the final shape of the
proximal part of the femur. Acta Orthop Scand Suppl. 1965;84:1-129 (EDGRE, 1965).
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Terminology
The standard anatomical position for a quadruped, is define as “a position of standing on
all four limbs, with the head and tail extended” (Wingerd, 2006). For this study, anatomical
descriptors reference the fetal pig in the standard anatomical position for a quadruped (Fig 2).

Figure 2: Anatomical terms of direction and planes of reference for the quadruped drawn after:
Pig Anatomy and Dissection Guide; Wingerd, B. D. (2006). Pig Anatomy and Dissection Guide:
Bluedoor. (Wingerd, 2006)
Surface texture analysis was used to quantitatively describe the surface texture of the
developing mammillary processes, using surface roughness and waviness according to
International Organization for Standards (ISO, 2017). This process derives roughness and
waviness characteristics from a primary profile, obtained from intersecting the surface of interest
in a direction normal to the surface. From the Primary profile, filtering allows the deconvolution
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of the primary profile to two constituent frequencies of interest, the secondary and tertiary
profiles. The secondary profile is the longer wavelength components of the primary profile,
whereas the tertiary profile is the shorter wavelength components (Fig 3). The secondary profile
is used to characterize the waviness of the surface and the tertiary profile is used to characterize
the roughness of the surface.

Figure 3: Capital femoral epiphysis with a plane intersecting the surface to produce a primary
profile, where secondary and tertiary profiles characterize the waviness and roughness
respectively.
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Motivation for Study
Slipped Capital Femoral Epiphysis is a disorder where the interface between the capital
femoral epiphysis and metaphysis fails, and the metaphysis slips in relation to the epiphysis.
Slipped capital femoral epiphysis occurs during the growing years, prior to the physis closing,
and is the most common hip disorder affecting adolescent children (Aronsson & Karol, 1996).
The condition is extremely painful and is treated by single percutaneous screw fixation for
stabilization. The disorder has been attributed to many factors including hormonal imbalance,
excess body weight and weakening of the perichondrial ring, a fibrous band around the periphery
of the epiphyseal plate (Crawford, 1988), which has been demonstrated to provide a mechanical
role in stabilizing the human proximal epiphyseal joint in-vitro (Chung et al. 1976). To gain
better insight into the role the perichondrial ring plays in the biomechanical stability of the joint,
attempts have been made to find a suitable model for experimentation. The proximal epiphyseal
plate of the one–year–old domestic pig has been shown to have comparable dimensions and
biomechanical properties to that of the adolescent human (Chung et al., 1976; Ipsen et al., 2002).
Ispen et al. (2002) reported observing a prominent central mammillary process as shown in a
radiograph of a one–year–old pig femur. They also observed a radial pattern of mammillary
processes on the periphery of the epiphysis with matching projections into the metaphysis (Fig
4). The protruding epiphyseal mammillary processes and matching concavities of the metaphysis
transfer through the growth plate, interlocking the two surfaces. Though the existence of a
prominent mammillary process in humans has recently been reported in the orthopaedic
literature, where it is referred to as the epiphyseal tubercle, there has been no mention of a radial
pattern of ridges similar to those observed in the mongrel pig.
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Figure 4: The capital femoral epiphysis (left) shows a central tubercle and peripheral radial
ridges that interlock with matching projections on the metaphysis (right), revealed during shear
strength tests of the perichondrial ring (unpublished, Williams, J. L.)
Previous Studies
A description of an epiphyseal tuberosity in humans appeared in the English literature in
2000, when Cunningham et al. mention the “beak–like” projection of the epiphyseal tuberosity
into the metaphysis (Cunningham et al., 2016). Tayton investigated further to determine if the
well–developed mammillary process (tubercle) seen in the ovine and bovine model was present
in human adolescence, which he concluded it was but at a smaller scale (Tayton, 2007). Tayton
went on to determine that posteromedial displacement of the epiphysis could not occur without
dislodging the tubercle from the metaphyseal concavity, which would be clinically considered an
acute slip. However, he hypothesized that small rotations could occur, resulting in radiographs
that resembled those considered clinically chronic slips (Tayton, 2007).
In another study, Tayton looked at radiographs and computed tomography
scanograms,observing the epiphyseal tubercle in younger hips was rather “wide and flat,”
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resembling those observed in young lambs. As maturity progressed the tubercle became
“narrower, longer, and more pointed” (Tayton, 2009). The average placement of the epiphyseal
tubercle (n=11, ages 11 to 15) was found to be in the posterolateral region (Tayton, 2007).
Liu et al. expanded on Tayton's work, showing the epiphyseal tubercle projected precisely
into a corresponding concavity in the metaphysis (Liu et al., 2013). Liu et al. went on to describe
anatomical descriptions, suggesting the tubercle played a role in the ability of the joint to prevent
a slip, locking the epiphysis to the metaphysis. Liu et al. also observed the tubercle peak was
found to be in the posterolateral quadrant in all but one specimen (n=19, ages 4 to 17), with an
average tubercle peak height of 4.41.1mm. Another characteristic observed was cupping of the
epiphysis, which became more pronounced as age increased, effectively decreasing the height of
the epiphyseal tuberosity (Liu et al., 2013).
Kandzierski related the morphological shape of the proximal femoral growth plate in
children as a risk factor for incidence of SCFE, as he concluded a correlation between slips and
growth plates with a more spherical shape rather than undulated (Kandzierski et al., 2012).
Kandzierski et al. noted the growth plate, when sectioned, appeared to have “tiny ruggedness” to
increase surface area and provide stability (Kandzierski et al., 2012). Several qualitative studies
have described the tubercle and even the surrounding undulated surface, but little attention has
been paid to quantifying and surface mapping the morphogenesis of the joint.
The porcine model offers anatomical similarities to the human counterpart and SCFE has
been observed in both (Jubb, 1985). This aim of this thesis was to provide a qualitative and
quantitative analysis of the development of the proximal femoral epiphyseal mammillary
processes in the domestic mongrel pig, by analyzing biomodels obtained via high–resolution
laser scans of bones.

10

References
Aronsson, D. D., & Karol, L. A. (1996). Stable slipped capital femoral epiphysis: evaluation and
management. Journal of the American Academy of Orthopaedic Surgeons, 4(4), 173-181.
Chung, S., Batterman, S., & Brighton, C. (1976). Shear strength of the human femoral capital
epiphyseal plate. J Bone Joint Surg Am, 58(1), 94-103.
Crawford, A. H. (1988). Slipped capital femoral epiphysis. JBJS, 70(9), 1422-1427.
Cunningham, C., Scheuer, L., & Black, S. (2016). Developmental juvenile osteology: Academic
Press.
EDGRE, W. (1965). Coxa plana; a clinical radiological investigation with particular reference to
the importance of the metaphyseal change for the final shape of the proximal part of the
femur. Acta Orthop Scand, 84, 95-101.
Ipsen, B. J., Williams, J. L., Harris, M. J., & Schmidt, T. L. (2002). Shear Strength of the Pig
Capital Femoral Epiphyseal Plate: An Experimental Model for Human Slipped Capital
Femoral Epiphysis Fixation Studies. Paper presented at the ASME 2002 International
Mechanical Engineering Congress and Exposition (pp. 415-416). American Society of
Mechanical Engineers.
ISO, I. O. f. S. (2017). Surface Roughness ISO 4287-1997.
Jubb, K. V. F. (1985). PATHOLOGY OF DOMESTIC ANIMALS 3E (Vol. 2): Academic press.
Kandzierski, G., Matuszewski, Ł., & Wójcik, A. (2012). Shape of growth plate of proximal
femur in children and its significance in the aetiology of slipped capital femoral
epiphysis. International orthopaedics, 36(12), 2513-2520.
Liu, R. W., Armstrong, D. G., Levine, A. D., Gilmore, A., Thompson, G. H., & Cooperman, D.
R. (2013). An anatomic study of the epiphyseal tubercle and its importance in the
pathogenesis of slipped capital femoral epiphysis. The Journal of Bone & Joint Surgery,
95(6), e34.
Tayton, K. (2007). Does the upper femoral epiphysis slip or rotate? Journal of Bone & Joint
Surgery, British Volume, 89(10), 1402-1406.
Tayton, K. (2009). The epiphyseal tubercle in adolescent hips. Acta orthopaedica, 80(4), 416419.
Wingerd, B. D. (2006). Pig Anatomy and Dissection Guide: Bluedoor.

11

Chapter 3.
Morphometric Analysis of the Pig Proximal Femoral Epiphyseal Plate
Introduction
The proximal (or capital) femoral epiphyseal growth plate is a temporary cartilaginous
joint located between the head of the femur and the femoral neck. This joint develops when the
cartilage ‘anlage’ is replaced by bone during endochondral bone formation as bone grows from
the primary and secondary centers of ossification in the femoral shaft and head, respectively. As
these separate growth fronts approach one another the metaphyseal and epiphyseal bone surfaces
develop an ever increasing degree of undulation at several scales providing an interdigitating and
interlocking joint. These mammillary processes likely have significance in joint stabilization, and
provide resistance to shear forces helping to prevent slipped capital femoral epiphysis (SCFE); a
painful disorder that occurs in adolescent children where the neck of the femur slips in relation to
the femoral head (Aronsson & Karol, 1996; Crawford, 1988; Loder et al., 2000). Though the
disorder has been widely studied, the etiology is multifactorial and not completely understood.
The mechanical stability provided by the bone morphology working in concert with the
perichondrial ring may be a factor in stabilizing the joint against shear forces.
During development, a prominent mammillary process emerges (epiphyseal tubercle) along
with smaller undulating ridges. These mammillary processes project through the epiphyseal plate
to corresponding concavities in the metaphysis, interlocking the interface. Description of the
prominent tubercle appeared in the English literature in 2000, when Cunningham et al. depict a
“beak–like” tuberosity located on the inferior side of the epiphysis, projecting into a
corresponding concavity on the metaphysis (Cunningham et al., 2016). Tayton investigated to
see if the epiphyseal tuberosity (tubercle) observed in the bovine and ovine model was as
prominent on the human adolescent epiphysis (Tayton, 2007). He did observe a tubercle, but it
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was significantly smaller than expected, possibly due to the degradation of the specimens
examined. Nevertheless, Tayton suggested the tubercle was a “major impediment to slippage
caused by shear forces” (Tayton, 2007). In a later study Tayton further investigated the tubercle
and concluded that it was a normal feature of the joint, but noted in younger adolescents it
appeared “wide–based and fairly flat” in radiographs and magnetic resonance imaging scans
(Tayton, 2009). Liu et al. expanded on Tayton’s work relating age to tubercle height and
epiphyseal cupping, concluding as age increased tubercle height decreased (measured from the
tubercle peak to the local epiphyseal nadir), and morphological cupping increased as a function
of age (Liu et al., 2013). Both concluded the tubercle resided in the posterolateral quadrant, with
an average peak height of ~ 4mm (Liu et al., 2013; Tayton, 2007). Kandzierski related
morphological shape of the growth plate as a risk factor in slips, concluding there was a
correlation between more spherical growth plates and slips, than that of the more undulated
surface (Kandzierski et al., 2012). These studies have described the tubercle and even the
undulations (Kandzierski et al., 2012) of the joint surfaces, but little attention has been given to
quantifying the morphogenesis of the smaller mammillary processes, which may offer insight
into the contribution of mammillary processes regarding the biomechanical stability of the joint.
The mongrel pig model offers anatomical similarities to the human counterpart and SCFE
has been observed in both (Jubb, 1985). The aim of this study was to provide a qualitative and
quantitative analysis of the development of femoral head mammillary processes, by analyzing
biomodels obtained via high–resolution laser scans of the proximal end of porcine femurs,
spanning an age range of 9 days preterm to 900 days of age. The objectives were to characterize
how the tubercle and surrounding mammillary processes of the proximal femoral epiphyseal
plate develop in the porcine model, and compare them to observations in the human counterpart.
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Materials and Methods
Biomodels
Eight biomodels of the mongrel pig proximal femur (ages 9 days preterm to 900 days of
age) were obtained via high–resolution laser scans. The proximal end of 35 porcine femurs
spanning the age range were excised and soft tissue completely removed by physical and
chemical process (Nawrocki, 1997) (Fig 5A & B). After tissue removal, the greater trochanter
and epiphysis disarticulated for each specimen, where the physis had not yet closed. Visual
inspection showed 25 femurs had no signs of abnormality or osteochondrosis, and all samples of
approximately the same ages had similar morphological features. Eight of the 25 samples were
scanned with the Next Engine high–resolution laser scanner (NextEngine Model 2020i, Next
Engine, Inc., Santa Monica, CA) (Fig 5C). The Next Engine laser scanner has been shown to be
well suited for geometric morphometric studies in archeology, namely skeletal variations within
and between species that are being studied at the Institute of Archeology, University College
London (UCL, 2014). The scans for this study were performed in the macro mode, with a
manufacturer’s stated accuracy of 0.127mm.
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Figure 5: A) Femur (cranial view) with soft tissue removed by physically cutting away muscle,
tendons and ligaments. B) Remaining soft tissue removed by chemical process, which exposed a
surface suitable for scanning (cranial view). C) High–resolution laser scan of bone (caudal
view). D) Biomodel (caudal view).
A triangulated mesh was fit to point cloud data obtained from the scans, and a surface fit
to the mesh (Rapidform Software, Geomagic Design X, Cary, NC) (Fig 5D). Only six of the eight
femurs had an epiphysis suitable for scanning; specimens aged nine days preterm and two days
of age resulted in secondary ossification centers that were too small for scanning (Fig 5). The
greater trochanter for the 900–day–old specimen was fused with the metaphysis and included in
the scan. There was a small measurable difference between the meshed surface area and fitted
surface area (12.21mm2 for the 900–day–old epiphysis) due to differences between the linear and
nonlinear functions defining the meshed and fitted surfaces respectively.
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Figure 6:Development of the epiphyseal mammillary processes and their projections into the
corresponding concavities on the metaphysis. Top row) The inferior side of the epiphysis in the
frontal plane. Bottom row) The superior surface of the corresponding metaphysis in the frontal
plane. (n = number of bones for age in days and weight in kg)
Surface Area
Surface area was calculated for the inferior side of the epiphysis and the corresponding
metaphyseal surface, for developmental comparison of the two surfaces. The triangulated mesh
was used for surface area calculations, which allowed regions to be manually selected. A
repeatability study was performed on the 900–day–old epiphysis, where the area of the interest
was selected five times consecutively to determine variability (RMS = 1515.72.1mm2 SD).
Polar Coordinate Quadrants
A polar coordinate system of quadrants was established to map the morphology at different
stages of development. Quadrants were designated by applying a transverse and sagittal plane to
the femur’s approximate in–vivo position, with the central axis of the quadrants about the central
axis of the femoral neck, following the same trajectory as the caput–collum–diaphyseal (CCD)
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angle (NX 9.0 Software, Siemens, Plano, TX) (Fig 6A). Polar coordinates were established about
the central axis of the femoral neck, with the caudal lateral quadrant defined as 0˚ to 90˚, caudal
medial as 90˚ to 180˚, cranial medial as 180˚ to 270˚ and the cranial lateral as 270˚ to 360˚ (Fig
7B & C).

Figure 7: A) Transverse (T) and sagittal (S) planes defined the quadrants. B) Polar coordinate
system of quadrants. C) The inferior side of the epiphysis showing the polar coordinate system of
quadrants.
Sagittal/Transverse Growth
Boolean operations were performed along the sagittal and transverse planes for ages 20
days and older (NX 9.0 Software, Siemens, Plano, TX). Each profile was superimposed for
comparison of gross developmental changes. The epiphyseal tubercle and corresponding
metaphyseal concavity were used as a registration landmark for aligning the superimpositions (Fig
8 & 9).
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Figure 8: The sagittal plane cut along the central axis of the CCD angle for ages 20–900 days of
age (to scale). Right) Superimposition showed symmetrical development.

Figure 9: The transverse plane cut along the central axis of the CCD angle for ages 20–900 days
of age (to scale). Right) Superimposition showed asymmetrical lateral expansion, measured from
the tubercle concavity to the crest of the femoral neck.
Topographical Mapping
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Color contour maps for each epiphysis determined the height and rate of change of the
epiphyseal tubercle, relative to the local nadir (Liu et al., 2013) as a function of age. A plane was
set tangent to the superior side of the epiphysis (Liu et al., 2013). The epiphysis was inverted
such that the peaks were in the positive z–direction, with the tangent plane set at zero. The
average rate of change (secant line) was measured from the highest peak of the tubercle, to the
lowest point of the local nadir (Rhinoceros 4.0/Grasshopper 3D Software, Robert McNeel &
Associates, Seattle, WA) (Liu et al., 2013). Contour mapping was also used to assess the location
of the epiphyseal tubercle peak, emerging peripheral mammillary processes, local nadir and
epiphyseal cupping (Liu et al., 2013) (Fig 10).

Figure 10: Top row) Morphology at varying stages of development, and the location of surface
features by quadrant for the inferior side of the epiphysis (to scale). Bottom row) Contour color
mapped topography of the inferior side of the epiphysis, for age in days and weight in kg.
Surface Texture Analysis
Surface metrology was used to measure surface texture in terms of roughness (R) and

19

waviness (W), using mammillary amplitude average parameters (Ra/Wa), and mammillary peak
and valley parameters (Rz/Wz) (Bharat, 2000; Petropoulos et al., 2010; P. A. Smyth et al., 2012;
Townsend et al., 2016; Whitehouse, 1994). Boolean operations generated epiphyseal cylinders
with perimeters in regions of interest, defined by circles of radius r and 2/3r (NX 9.0 Software,
Siemens, Plano, TX). Circles of radius r were manually placed in the periphery, with the
circumference over the area with the most prominent undulations. The perimeters of the
cylinders were “unwrapped” and projected onto a plane, which rendered primary profiles
suitable for metrological analysis (Fig 11).

Figure 11: Left) 900–day–old epiphysis with circles of radius r and 2/3r (black). Middle)
Resulting cylinders of radius r and 2/3r. Right) Cylinder perimeters “unwrapped” and projected
onto a plane, rendering primary profiles for surface roughness analysis.
Primary profile deconvolution was used to isolate secondary and tertiary profiles using best
fit form and wav polynomials of nth order, with the least error, to determine the underlying form
and waviness of the profile (MATLAB software, MathWorks, Natick, MA) (P. Smyth et al., 2014).
The form polynomial only characterized underlying form, whereas the wav polynomial was a
20

combination of the underlying form and waviness of the primary profile (Fig 12).

Figure 12: A) Best fit 6th order form polynomial (red) for the primary profile (blue). B) The
resulting profile after subtracting the form polynomial. C) Best fit 16th order wav polynomial
(red) for the primary profile (blue). D) The resulting profile after subtracting the wav polynomial
(roughness or tertiary profile).
Subtracting the wav polynomial from the primary profile isolated the tertiary profile.
Subtracting the form polynomial and tertiary profile from the primary profile isolated the
secondary profile, which were used for quantitative analysis of the secondary and tertiary profiles
in terms of waviness and roughness respectively (Fig 13).
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Figure 13: Above) 900–day–old epiphysis with circle of radius r, defining the perimeter to be
“unwrapped”, with the opening where 0˚ and 360˚ meet, at the caudal lateral/cranial lateral
interface. Below) The top curve is the projected primary profile for cylinder of radius r. The
dashed curve is the nth order (np) form polynomial and the dash-dot curve is the nth order (np)
wav polynomial. The bottom two curves are the isolated secondary (waviness) and tertiary
(roughness) profiles respectively. Tertiary profile mammillary processes are numbered in the
caudal medial quadrant to demonstrate how the profile maps to the surface.
For a given profile, where zi = f(x) is the measured deviations from a reference mean line,
for a profile of sampling length L, then the arithmetical amplitude average (Ra/Wa), of the
assessed profile, also known as the center line average (CLA), is defined by ISO 4287-1997, as
(ISO, 2017; Mitutoyo, 2016):

Ra =

1
L

L

∫0 | zi | dx

(1)
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For a given profile, where zi = f(x) is the measured highest peak (Rp) and lowest valley
(Rv), for a profile of sampling length L, where N is the number of evaluation lengths (16 for Rz
and 4 for Wz), then the mean roughness depth (Rz/Wz) of the assessed profile, is defined by ISO
4287-1997 as (ISO, 2017; Mitutoyo, 2016):

𝑅𝑧 =

+|∑ 𝑅𝑣|

∑ 𝑅𝑝

(2)

𝑁

Secondary and tertiary profiles for perimeters obtained from cylinders of radius r and 2/3r,
were quantified in terms of Ra/Wa and Rz/Wz. The average wavelength (avg) and average
amplitude (Aavg) for assessed profiles were determined as follows:

avg =

𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒

Aavg =

𝑅𝑧 𝑜𝑟 𝑊𝑧
2

(3)

number of counts

(4)

where a count is defined as any interval of the given profile where the curve crosses the center
line (CL) twice. The Aavg was determined using the peak and valley surface roughness values
Rz/Wz (Table 2). The avg and Aavg was determined for each secondary and tertiary profile (Fig
14). Surface roughness values (Ra), for the primary profiles obtained from cylinders of radius r
and 2/3r, were graded using the new ISO grade scale, categorizing the quantified surface
roughness for each age (Table 3 & 4) (Bharat, 2000).
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Figure 14: A & C) Secondary and tertiary profile heights as a function of circumferential
distance, where the red dashed line is the CL for each profile. The circumferential distance (and
degrees) of the profile is noted at each quadrant interface. Horizontal lines indicate Rp and Rv
for each evaluation length. A) The number of evaluation lengths for the secondary profile is N =
4. C) The number of evaluation lengths for the tertiary profile is N = 16 (denoted by green
vertical dotted lines). B & D) The avg and Aavg were determined for the secondary and tertiary
profiles, where the black dash line indicates one wavelength. Plots A–D were derived for each
age (20-900 days of age). See appendix I for all secondary and tertiary profiles.
Results
Surface Area
Surface area comparisons of the inferior side of the epiphysis and corresponding
metaphysis showed the growth rate of the two surfaces to be close for ages 20 and 35–days–old,
but diverged at 120 days old, resulting in a larger metaphyseal surface area than that of the
epiphysis (Fig 15A). The general shape of the metaphysis became parabolic, with the periphery
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of the metaphysis extending the crest of the metaphyseal surface and femoral neck beyond the
epiphysis, with growth in the lateral–ventral direction. For ages 365 to 900 days of age, the two
surface area growth rates had converged, with epiphyseal cupping enveloping the expanded
metaphyseal surface (Fig 15).

Figure 15: Left) Comparison of the metaphyseal (red) and epiphyseal (blue) surface area as a
function of age. Right) For the specimen aged 120, the metaphyseal surface area expansion
beyond the epiphysis is shown anatomically (black oval). At ages 365, 540 and 900 days old, the
epiphyseal and metaphyseal surface areas had converged, where cupping of the epiphysis
enveloped the periphery of the metaphysis, shown anatomically (black rectangle). Transparency
of the epiphysis shows the parabolic shape of the metaphysis and subsequent cupping of the
epiphysis.
Sagittal/Transverse Growth
Growth in the sagittal plane showed relatively symmetrical development, but the
transverse plane showed expansion of the proximal femoral epiphyseal plate occurred primarily
in the lateral direction, with approximately a fourfold increase (Fig 9).
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Topographical Mapping
The epiphyseal tuberosity begins to develop in the cranio–caudal region as a flat ridge,
and ends in the cranio–lateral region as a narrow-peaked structure, as the joint expands laterally
with increasing age. This differed from the posterolateral location in the human femoral capital
epiphyseal plate at age of puberty, but the general morphology was similar (Tayton, 2009). The
height of the tubercle increased during the first year, then leveled off (Fig 15A). The local nadir
becomes prominent in the caudo–medial quadrant within the first four months, where it resides
throughout development in examined ages. The average rate of change of the tubercle, in
general, increased as a function of age, as the tubercle transitioned from a flat ridge to a narrow
peak (Fig 15B). Epiphyseal cupping developed by the fourth month, with peripheral crest
extending beyond the rest of the epiphyseal surface, eventually extending past the peak of the
tubercle by the first year. The decrease in tubercle height that occurs simultaneously with
epiphyseal cupping has been observed in the human epiphysis (Liu et al., 2013).
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Figure 16: A) Epiphyseal tubercle height relative to the local nadir as a function of age. B) The
average rate of change from the peak of the tubercle to the lowest point of the local nadir, as a
function of age. C) Color contour elevation maps and the corresponding color/elevation legend
(540–day epiphysis).
Surface Texture Analysis
The surface texture analysis quantified mammillary processes in terms of surface
waviness and roughness, for regions defined by circles of radius r and 2/3r (Tables 1 & 2). Rz
values for cylinders of radius r characterize the mean roughness depth of the mammillary
processes that develop in the periphery, which increased as age and distance from the central axis
of the femoral neck increased. The counts per quadrant were relatively evenly distributed, and in
general increased in number per quadrant, as the distance from the central axis of the femoral
neck increased (Tables 1 & 2).
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Surface roughness values were converted from micrometer to micro–inches, where Ra[µm]*40 =
Ra[µin]. The starting value of the new ISO grading scale is N1 = Ra[µin] = 1. Roughness values
are converted to “N” grades by Nn+1 = Nn*2, which represents a range of Ra values (Table 3)
(Bharat, 2000). The epiphyseal Ra values for regions defined by cylinders of radius r and 2/3r,
were categorized by the ISO roughness grading scale (Table 4). Lower N grades indicate a
smoother finish, whereas higher N grades indicate a more course finish. All ages started at the
higher end of the scale (N13), indicating a rather course surface in terms of Ra, which only
increased as a function of age (Table 4).
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Roughness and waviness profiles were used to determine the λavg and Aavg. The averaged
wavelengths and amplitudes were an idealized representation of the surface in a circumferential
arrangement. Radial periodicity and amplitude of the averaged mammillary processes were
plotted as a function of age for both, surface roughness and waviness (Fig 17). In general,
mammillary processes characterized by roughness amplitudes increased before leveling off (Fig
17A). Waviness amplitudes in general continued to increase (Fig 17B). Roughness mammillary
process periodicity at 120 days of age was much lower in the region closer to the central axis of
the femoral neck than in the peripheral region, eventually leveling off (Fig 17C). Waviness
mammillary process periodicity fluctuated throughout development, possibly leveling off (Fig
17D).
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Figure 17:Graphs correspond to circles of radius r (blue solid) and 2/3r (black dash). A, B) The
Aavg for mammillary processes characterized by surface roughness and waviness, as a function of
age. C, D) The averaged periodicity for mammillary processes characterized by surface
roughness and waviness, as a function of age.
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Discussion
Objective
The objectives of this study were to qualitatively and quantitatively characterize how the
tubercle and surrounding mammillary processes of the proximal femoral epiphyseal plate
develop in the porcine model, and compare them to what has been observed in the human
counterpart.
Qualitative Analysis
During development, asymmetrical growth of the joint was observed. Metaphyseal
expansion in the sagittal plane was generally symmetrical, but expansion of the metaphysis in the
transvers plane was primarily in the lateral direction, toward the greater trochanter. A narrow
bony lip appeared along the lateral quadrants of the epiphysis in the 1 ½ and 2 ½ year-old. This
lip extended 6-7 mm reaching the growth plate of the greater trochanter. These characteristics
have not previously been described in the human femur (to the best of the author’s knowledge),
which may make the domestic mongrel pig femur an unsuitable comparison to the human femur
for the purposes of SCFE, after the age of 1 ½ years.
The tubercle and corresponding concavity of the metaphysis stayed medial of the central
axis of the long bone throughout development. The mongrel pig’s tubercle emergence is similar
to that of the human’s, with exception of the final cranio–lateral location, compared with the
posterolateral position in humans (Liu et al., 2013; Tayton, 2009). Differences in the mechanical
environment between a biped and quadruped may be a contributing factor to the observed
developmental variances in the more stabilized joint. Nevertheless, the general features of the
proximal femoral epiphyseal plate for porcine and their human counterpart were similar
regarding epiphyseal cupping, tubercle morphology and development of a local epiphyseal nadir.
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Quantitative Analysis
In the early stages of growth, the epiphysis emerges as a secondary center of ossification
that develops a surface area comparable to the corresponding metaphyseal surface area by ages
20 and 35-days-old. At four months old, surface area growth rates had diverged and metaphyseal
surface area expansion beyond the epiphysis occurred. By the first year and older, surface areas
had once again converged with the epiphysis enveloping the expanded surface of the metaphysis.
As the femoral epiphyseal plate grows, smaller undulating mammillary processes develop,
which become radially oriented and more pronounced as a function of age. During radial
expansion in early development, there is little distinction between mammillary processes close to
the central access of the femoral neck compared to those in the peripheral region. However, in
the four–month–old animal the beginning of a distinct radial pattern of roughness mammillary
processes emerge in the periphery with an averaged amplitude of 0.16 mm and averaged
periodicity of 18˚; compared to the region near the central axis of the femoral neck where
averaged roughness amplitudes of 0.11 mm had an averaged periodicity of 52˚. Mean roughness
amplitudes for ages four months and younger were close to or below the reported manufacture’s
limits of accuracy for the scanner, as was the mean waviness amplitude for the 20–day–old. As
age increased so did the roughness amplitude of the mammillary processes for both inner and
outer regions, before beginning to level off. Roughness mammillary periodicity between the
inner and outer region diverge in the four-month-old, then converge, in general as age increases.
Waviness amplitude of the mammillary processes for both inner and outer regions increased in
general and periodicity appeared to be in sync between the two regions after the first year.
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Surface roughness quantifications were graded using the new ISO grade scale. During
early development both the inner and outer region had a surface roughness grade range of N12,
with a ~29% increase in outer roughness to inner. However, at 3 ½ years old the roughness ISO
grade for the inner region was N13, and N14 for the outer region (~40% increase between them),
which showed peripheral development of mammillary processes was more active than the inner
region.
Conclusion
This study investigated the development of mammillary processes in the proximal femoral
epiphyseal plate of the domestic mongrel pig. Analysis determined growth rate differences
between the epiphyseal and metaphyseal surface areas. The epiphyseal tuberosity remained
medial to the central axis of the long bone as expansion in the transverse plane occurred
primarily in the lateral direction, toward the greater trochanter. A narrow bony lip developed in
lateral quadrants during the later stages of growth, and extended ~6-7mm toward the physis of
the greater trochanter. Radial mammillary processes emergence was quantified in terms of
surface roughness and waviness. Peripheral mammillary processes develop into a distinct radial
pattern of ridges as a function of age, as epiphyseal cupping increase. Understanding the natural
development of this joint may provide insight into the etiology of disorders such as SCFE, and
the role mammillary processes play in the biomechanical stability of the proximal femoral
epiphyseal plate. By examining the 3D printed models of this joint it is apparent that the
peripheral mammillary processes are well suited to resist torsional forces, and the epiphyseal
tubercle is well suited against shear forces.
There are several limitations to this study. Only one sample was studied at each time point
and by necessity the bones measured at each time point were from different animals leaving the
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question of animal variability unanswered. By removing all soft tissue, we could not determine
how growth plate thickness may influence the role of the mammillary processes in resisting shear
forces. The development of the perichondral ring was also not able to be studied, which is
important in understanding its interaction with the mammillary processes in resisting shear forces
and torque. Future work will characterize and measure these components at each time point and
will include measurements of additional samples at each time point.
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Chapter 4. Comparative Study
Surface roughness values Ra and Rz obtained by analyzing selected profile lines using a
MATLAB code for profile deconvolution were compared with Ra and Rz results obtained from a
Keyence light measurement system using wide–field mode (Keyence Model VR–3000 G2,
Itasca, IL). This system uses white LED light–sectioned method of triangulation, where the
entire object is illuminated simultaneously, and reflected light viewed from different angles
using a receiving lens returns data about an object’s surface. This method differs from the Next
Engine Model 2020i, which uses twin arrays of four, Class 1M, 10 mW solid state lasers with
custom optics 650 nm λ, for triangulation of surface features. The stated manufacturer accuracy
for the VR–3000 series in wide-field mode is 1µm (width) and 0.5µm (height), with a
repeatability of 5µm (width) and 3µm (height). The VR–3000 G2 software differs from the
custom MATLAB algorithm written to isolate roughness (tertiary) profiles and calculate Ra and
Rz values.
Line roughness measurements were taken using the VR–3000 G2 in the approximate
regions that were previously defined by circles of radius r and 2/3r, for the 20 and 900–day–old
samples. A report was furnished by Keyence Corp. of America, that gave the analysis condition
parameters, Ra and Rz results, and the line measurement profile before and after filtering (Fig
18).
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Figure 18: Main image) VR–3000 G2 report for 900–day–old line roughness measurement
indicated by a linear red line.3D image) 3D color contour map of the surface. Analysis
conditions) Measurement conditions were pre–set and did not use object tilt correction, or a
double Gaussian filter on the total profile (primary profile). The cut–off sample length c and
number of sampling lengths (N) were set according to ISO 4287-1997. The cut-off sample length
s was not used as Wa/Wz measurements were not obtained. End effect correction was enabled
to eliminate the possibility of interference that can occur at the open ends of the profile.
Measurement results are in terms of Ra and Rz. Total profile) The total profile obtained from the
linear measure served as the primary profile. Roughness/Primary/Waviness profile) A Gaussian
filter was applied to the total profile to remove the form and waviness, resulting in the roughness
(tertiary) profile.
To test the Ra and Rz calculations of the custom MATLAB algorithm to that of the VR–
3000 G2, Gaussian filtered roughness profiles were digitized by manually tracing the profiles
using a series of selected points along the curve (GraphClick, Ivan Johansen) (Fig 19). The
digitized roughness profiles were run through the MATLAB algorithm using the same c and
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number of sampling lengths used by the VR–3000 G2, for each sample and compared (Table 5).
The differences in Ra and Rz values between the custom MATLAB algorithm and VR–3000 G2
are small and likely attributed to the process of digitizing.

Figure 19: Top) The digitized Gaussian filtered roughness profile, from the VR–3000 G2 line
measurement for the 900–day–old sampled in region r (solid red). Bottom) Digitized profile run
through the custom MATLAB algorithm using a cut–off c = 2.5mm for N = 5 evaluation lengths
(green vertical lines), to match the analysis conditions for the VR–3000 G2. Part of the curve at
the beginning and end of the profile was omitted (light blue), matching the window sampled by
the VR–3000 G2. Horizontal lines indicate Rp and Rv for each evaluation length about the CLA
(dashed red).
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To test the Ra and Rz results of the custom MATLAB algorithm using polynomials of nth
order for profile deconvolution, to that of the VR–3000 G2, which used a Gaussian filter for
profile deconvolution, total profiles from the VR–3000 G2 were digitized as previously
described. The digitized total profiles were run through the MATLAB algorithm using the same
analysis conditions as prescribed by the VR–3000 G2, for each sample. There were differences
in the roughness curves obtained by Gaussian filtered and nth order polynomial deconvolution,
which affected the average area about the center line (Fig 20). The Gaussian filtered curve differs
from the nth order polynomial deconvolution in the last sampling length. However, this section
was omitted in the calculation of Ra and Rz, and should not have been included in the
determination of the CLA, which it appears was the case for the VR–3000 G2. This,
compounded with possible error in the digitizing process likely contributes to the differences in
Ra and Rz values (Table 6).
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Figure 20: Top) The digitized total profile of the line measurement made in region r of the 900day-old sample, using the VR-3000 G2. Middle) The Gaussian filtered roughness profile.
Bottom) The nth order polynomial deconvolution roughness profile.
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The method of primary profile deconvolution to obtain the roughness profile using a
Gaussian filter and nth order form and wav polynomial show slight differences in the resulting
roughness profile. However, the differences in Ra and Rz values were small and using
polynomial deconvolution has been shown to be a practical method for assessing biological
surface texture (Smyth et al., 2014). For this study, polynomials allowed control as to what was
considered the form or waviness of the initial unwrapped profile, which used the least error
polynomial for the set of form and wav polynomials associated with the initial profile. The
surface texture comparison showed the method used in this study for surface texture analysis
returned results that were comparable to those obtained using another surface texture analysis
modality.
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Chapter 5: Limitations and Future Work
Limitations
There are limitations to the current study. Developmental characterization of the proximal
femoral epiphyseal plate was done using the bones of different animals, rather than following the
development of a single animal. This introduced the issue of individuality regarding growth, and
this study should be viewed as snap shots of the general development of the joint at varying
stages. This study also assumed normal growth for all animals prior to harvest and tissue
removal.
Sample preparation could have changed the surface from its in–vivo state. Most of the
quantitative analysis was done using the inferior surface of the epiphysis, which is an established
thin layer of cortical bone, versus the metaphysis, where the surface is composed of small,
delicate calcified structures that are more subject to damage. It should be noted that there is a
thin layer of calcified cartilage between the epiphysis and the reserve zone of the femoral
epiphyseal plate, which has been shown to have a mean thickness of 104.16 ± 20.87 µm in
human distal femurs (Wang et al., 2009). It is possible that chemical removal of soft tissue may
have also removed calcified cartilage that may have been an integral part of epiphyseal
mammillary processes, which would change the structure being analyzed from its in-vivo
condition.
Measures used in the quantitative analysis were originally developed for industrial
applications rather than for biological use. Quantitative values should be viewed as a
comparative reference to gain perspective of surface texture although they also provide a means
to characterize the morphology.
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The porcine model at one year of age has been shown to have similar epiphyseal plate area,
strengths and relative contribution of the perichondrium as the human adolescent (Ipsen et al.,
2002). However, after age one there are morphological differences seen in the epiphysis that
have not been reported in the human epiphysis; namely the final location of the epiphyseal
tubercle and narrow bony lip that emerges in the lateral quadrants and grows toward the physis
of the greater trochanter. Despite the apparent different location of the most prominent
mammillary process – the epiphyseal tubercle, we do see similar general development regarding
the morphogenesis of the proximal femoral epiphyseal plate, worthy of further investigation.
Future Work
Since the soft tissue was completely removed in this study, the thickness of the growth
plate cartilage was not measured. If the growth cartilage thickness reaches or exceeds the peakto-peak mammillary process amplitudes this could limit the role of the processes in resisting
shear. Further analysis should include measurement of growth cartilage thickness in relation to
the mammillary process measures.
The morphometry provided by this study could be used to explore the contribution and
role of these mammillary processes in stabilizing the joint and their possible role in SCFE by
means of finite element modeling. The data can be used to examine the role the mechanical
environment plays in the development of these processes by suitable modeling. Gao et al.
developed a multiscale computational modeling approach to understanding the role mechanical
factors have in regulating endochondral bone formation in the growth plate (Gao et al., 2015;
Gao et al., 2017) which could be applied to investigate mechanical parameters in relation to the
mammillary processes in the proximal femoral epiphyseal plate.

46

References

Gao, J., Roan, E., & Williams, J. L. (2015). Regional variations in growth plate chondrocyte
deformation as predicted by three-dimensional multi-scale simulations. PloS one, 10(4),
e0124862.
Gao, J., Williams, J. L., & Roan, E. (2017). Multiscale modeling of growth plate cartilage
mechanobiology. Biomechanics and modeling in mechanobiology, 16(2), 667-679.
Ipsen, B. J., Williams, J. L., Harris, M. J., & Schmidt, T. L. (2002). Shear Strength of the Pig
Capital Femoral Epiphyseal Plate: An Experimental Model for Human Slipped Capital
Femoral Epiphysis Fixation Studies. Paper presented at the ASME 2002 International
Mechanical Engineering Congress and Exposition (pp. 415-416). American Society of
Mechanical Engineers.
Wang, F., Ying, Z., Duan, X., Tan, H., Yang, B., Guo, L., . . . Yang, L. (2009).
Histomorphometric analysis of adult articular calcified cartilage zone. Journal of
structural biology, 168(3), 359-365.

47

Chapter 6: Appendices
Appendix A: Tissue Collection
Femurs were excised form animals that were participants of three different studies. The 9
days preterm, 2 day old and 20 day old animals were controls for a dietary study being conducted
by Dr. R. Buddington at the University of Memphis. All dietary piglets were delivered by
cesarean section prior to normal gestation (115 days). Animals aged 2 and 20 days of age were
sacrificed two and twenty days post normal gestation.
The 35-day-old animals were part of a chemotherapy study also being conducted by Dr.
R. Buddington at the University of Memphis. Each animal received a one–time dose (2g/kg) of
methotrexate, up to the animal’s total weight, which was administered over a one hour period.
The animals were sacrificed six days after treatment and femurs excised. It has been shown in
the rat model that methotrexate can arrest bone growth, inducing apoptosis of chondrocytes, with
damage to the growth plate visible by day 9 (Xian et al., 2007). It is unknown if bone growth for
the animals in this study was affected by the treatment. However, development up to the point of
treatment is presumed to be normal.
The 120–day–old animals were part of a collaborative hernia study being conducted by
Dr. E. Roan of the University of Memphis and Dr. Shahan of the University of Tennessee Health
Science center. Animals received a prophylactic dose of antibiotics (cefazolin) and
buprenorphine, as needed for pain control, post hernia surgery.
The animals aged 365 to 900 days of age were the sows that delivered the piglets for the
dietary study, and were sacrificed after the cesarean section. Not included in the current study
was a female 690–day–old minipig, (weight 115 kg) that was part of a dental study being
conducted at the University of Tennessee. This animal was exposed to doses of the anesthetic
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Telazol. This animal was excluded for being a different species, however, morphological
features of the proximal femoral epiphyseal plate were comparable to the animals aged 365, 540
and 900 days of age, just on a smaller scale (Fig 21). All the animals used in this study fell under
guidelines approved by the Institutional Animal Care and Use Committee for the University of
Memphis and University of Tennessee Health Science Center. Table 7 is an inventory of the
bones that were processed for this study.

Figure 21: A) Sagittal view of the 690–day–old minipig proximal femur, showing the epiphysis
enveloping the metaphyseal surface. B) The inferior side of the CFE.
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Appendix B: Bone Preparation
All bones used in this study had soft tissue removed using the following procedure,
which is in a laboratory manual format.

Introduction
The following procedure is intended to completely remove soft tissue, marrow and fat
from bones. This procedure specifically targets the separation of articular joints that are held
together by soft tissues (cartilage and periosteal tissue). The result is presentation ready calcified
remains, suitable for scanning and longer–term storage.
Note:
This procedure is intended for specimens that are completely thawed. If the bone is
frozen, allow thawing in a refrigerator for a period of at least three days for easier
removal of marrow (depending on the specimen size).
Required Safety Equipment
Mandatory:
Gloves (Sufficient to protect against any possible exposures, such as nitrile)
Laboratory coat
Safety glasses
Good laboratory safety practices:
Long sleeves
Long pants
Closed toe shoes
Long hair pulled back or put up
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Materials/Equipment
Materials:
Ammonium Hydroxide NH4OH (house hold aqueous ammonia)
Tide® Coldwater Liquid Laundry Detergent (Fresh Scent was used for this study)
Hydrogen Peroxide 3% H2O2
Xylene (CH3)2C6H4
Industrial strength alcohol C2H5OH
Equipment:
Fisher Science Isotemp Hot Plate (with stirring option)
Any hot plate will work if it allows control of temperature and stirring speeds
Glass cooking dishes capable of holding ~1.5L of solution
Tissue Removal
Isolate the bone specimen to be cleaned, and carefully physically cut away muscle, tendons
and ligaments without damaging the bone (Fig 22).

Figure 22: a) Shows a porcine forelimb where a humerus is to be excised from the tissue. b)
Shows the humerus with the tissue physically removed and cut along the frontal plane at
approximately the diaphysis (mid–point of shaft) to expose the medullary cavity.
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Marrow Removal
Use a device (such as a spatula or forceps) narrow enough to insert into the medullary
cavity and gently loosen and dislodge the marrow, while allowing running water to flush the
debris form the cavity (Fig 23).
Purpose:
It is important to remove as much of the marrow by hand as possible, to expedite the base
hydrolysis process (next step).
Note:
If you are not planning to cut a long bone to expose the medullary cavity, other means
may be necessary to remove the marrow from the medullary cavity.

Figure 23: a) Medullary cavity with the marrow intact. b) Forceps used to dislodge the marrow
to be flushed away. c) The medullary cavity after the marrow has been dislodged and flushed out
using warm running tap water.
Base Hydrolysis
Mix a H2O:NH4OH (ammonium hydroxide) solution at a 10:1 ratio respectively. Place
bones in the solution for approximately 36h. Remove from solution and rinse thoroughly using
warm tap water (Fig 24).
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Purpose:
Ammonium hydroxide breaks lipid bonds at the molecular level, which allows remaining
marrow to be drawn out of the medullary cavity.
Note:
Larger bones may require longer than 36h to achieve desired results, whereas smaller bones
may not need a full 36h.

Figure 24: a) Proximal end of the cut humerus placed in the base hydrolysis solution. b) Shows
red marrow seeping out of the medullary cavity and other holes in the bone. c) Shows the bone in
the solution after a 36h soak. The marrow has been drawn out of the bone.

Boiling
Place the rinsed bones into boiling water (100°C) for 1h,
then reduce heat to ~75°C and allow to simmer anywhere from 1 to
8h, not to exceed 8h (Fig 25).
Purpose:
A boiling temperature can kill pathogens that may reside
within the specimen. Heat denatures protein bonds at a
molecular level, allowing for easier removal of remaining
tissue. NH4OH (ammonium hydroxide) boils at 24.7°C, and
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Figure 25: Boiling the
bone using a Fisher
Scientific Isotemp
Hotplate, equipped
with a stir function.

reaching a temperature of 100°C ensures that all ammonium hydroxide is boiled out of
the specimen.
Note:
Larger bones with more tissue may require longer simmer times than smaller bones, or
bones with less dense regions of tissue.

Detergent Solution
Mix a H2O:Tide® Coldwater Liquid Laundry Detergent solution at a 10:0.5 ratio
respectively. Place bones and magnetic stir stick (on low speed) in the solution for approximately
24h and. Remove from solution and rinse thoroughly using warm tap water (Fig 26).
Purpose:
Tide® Coldwater Liquid Laundry Detergent has the enzyme Protease, which breaks
peptide bonds at the molecular level, allowing the denaturing of proteins and easy
removal of any remaining tissue.
Note:
Larger bones may require longer than 24h to achieve desired results, whereas smaller
bones may not need a full 24h.
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Figure 26: a) Shows the specimen in the Tide® solution with a magnetic stir stick at 50
revolutions per minute (RPM). b & c) Sagittal views after completing the 24h soak. d) The head
and tubercle disarticulated from the humerus (using gentle hand pressure only).
Final Tissue Removal
Use a soft bristle toothbrush to remove the remaining tissue from the bone. There may be
areas that require the use of a wooden toothpick to clear out grooves in the bone where cartilage
resides. Wetting the tip of the wooden toothpick will soften the wood, which will help lower the
chances of accidental damage to the bone. Once tissue has been completely removed, rinse
thoroughly under warm running tap water and place bones in a H2O bath, changing the water
every ½h until no more particles are seen floating in the water.
Purpose:
This is the final stage of tissue removal, which should make the bone free from soft tissue
and ready for removal of remaining lipids in the cortical bone, and whitening. The H2O
bath also ensures that all the detergent has been rinsed away.
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Note:
If there is soft tissue that will not come off using the toothbrush or toothpick, do not
attempt to remove the tissue with more force or other utensils that could damage the
bone. Simply place the bone back into the detergent solution and check it every 2h until
the tissue is easily removed (Fig 27).

Figure 27: a) Shows the remaining tissue being removed using a soft bristle toothbrush. b) A
wooden toothpick, with a softened wet tip, is being used to remove tissue from grooves where the
toothbrush could not.

Bleaching
Mix a H2O:H2O2 (hydrogen peroxide) solution at a 10:1 ratio respectively. Place bones in
the solution for approximately 90min. Areas that bubble may indicate areas where tissue still
resides, but will likely dissociate during this process. After 90min, remove from solution and set
out for 15min, then rinse thoroughly using warm tap water to remove any remaining hydrogen
peroxide.
Purpose: Hydrogen peroxide uses oxygen to penetrate micro cracks in the bone, which reacts
with discolored molecules by breaking the bonds that hold them together, removing the stains
from the bone.
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Note:
Do not use any bleaching agents other than hydrogen peroxide, as they may be too harsh
and lead to a breakdown of the bone itself. Do not leave the bones in the H2O:H2O2
solution for more than 90min, as this also may start to breakdown the bone. Re-apply
solution with a cotton swab on discolored surfaces that remain after the 90min bath;
allow sitting for 15min, and rinse thoroughly again using warm tap water. Different areas
will achieve different levels of whiteness based on composition. There is a maximum
level of whiteness that can be achieved at this step due to lipids still present in the cortical
bone (Fig 28). The final step will remove the remaining lipids completely.

Figure 28: a) Shows the stained bones as they are first inserted into the bleaching solution. b)
Shows the bones after a 90min soak, with the stains significantly reduced.

Finishing
To complete the whitening process, all lipids can be completely removed from the bone
using a xylol (40% industrial alcohol 60% xylene) solution(Nawrocki, 1997). Completely
submerge the bone in this solution for approximately 1 to 3 weeks, checking to see if the fat has
been completely removed, every other day after the first week.
Note:
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Mixing of this solution must be done and remain in a University of Memphis approved
ventilation hood. Once all lipids have been successfully removed, allow the bones to dry
for a period of 24 to 48h, or until completely dry. Once completely dry, the bones are
ready for labeling and presentation/scanning/storage (Fig 29).

Figure 29: a) Shows an area where the thin outer layer of cortical bone was unintentionally
damaged during physical tissue removal, exposing the trabeculae interior of the epiphysis. b)
Shows the bone prior to completion of the full procedure. c) Shows the final product, labeled and
ready for scanning, presentation or storage.
Note:
For the best results, take a cautious approach at all stages of tissue removal. Scraping or
digging with too much force can damage the calcified tissue underneath, resulting in a
damaged looking final product (Fig 29a arrow). This procedure is also intended for long
bones with shaft diameters of ~ 1 to 5cm. Larger or smaller diameters may require
adjustments to the procedure lengths and solution amounts.
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Appendix C: Repeatability Study
Surface area was calculated by manually selecting areas of the triangulated meshed
surfaces of the CFE and corresponding metaphysis (Rapidform Software, Geomagic Design X,
Cary, NC) (Fig 30). Since the surfaces were manually selected, a repeatability study was
performed by selecting the surface in the region of interest of the 900–day–old CFE, five times
consecutively. There is an amount of subjectivity introduced during the selection of the region
and using the 900–day–old CFE provided the largest possible surface area variance between
selection attempts. The surface selection results provided a mean (1515.7079mm2), root mean
square (1515.7091mm2) and standard deviation (2.089mm2).

Figure 30: Relevant surface area (light blue) was selected manually, five times consecutively,
starting with the first selection attempt at the top, ending with the last selection attempt at the
bottom.
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Appendix D: Surface Area and Perimeter Length Data
Surface area and perimeter length for the epiphysis and metaphysis were calculated and
are shown in Table 8, followed by the figures that show the selected surface areas (not to scale).
Perimeters were selected by placing a spline onto the contour of the surface along the crest of the
metaphyseal surface and femoral neck for the metaphysis, and the crested edge of the epiphyseal
surface where cupping occurred and/or the surface transitioned to the dorsal direction (Fig 3143).

Figure 31: Left) Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).
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Figure 32: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).

Figure 33: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).
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Figure 34: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).

Figure 35: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).
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Figure 36: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).

Figure 37: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).
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Figure 38: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).

Figure 39: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).

Figure 40: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).
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Figure 41: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).

Figure 42: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).

Figure 43: Surface area manually selected (light blue). Right) Perimeter length manually
selected by applying a spline on the surface following the contour (yellow spline).
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Appendix E: Topography Data
Each CFE was run through a custom algorithm (Rhinoceros 4.0/Grasshopper 3D
Software, Robert McNeel & Associates, Seattle, WA). Color assignment was adjusted for each
CFE to suit the scale of the topography and still display peak and valley color assignments
uniformly for the set of CFE surfaces (Fig 44-49). Heights were quantified by selecting points or
regions of interest, namely the highest peak of the tubercle and lowest point of the local nadir.
Table 1 shows the tubercle rate of change (slope of the secant line) and Table 9 shows the
heights of the tubercle peak, low point of the nadir and the distance between the two.
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Figure 44: Shows the color mapped contour, heights of the tubercle peak and lowest point in the
local nadir, for the 900–day–old CFE and the algorithm that produced these results.
68

Figure 45: Shows the color mapped contour, heights of the tubercle peak and lowest point in the
local nadir, for the 540–day–old CFE and the algorithm that produced these results.
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Figure 46: Shows the color mapped contour, heights of the tubercle peak and lowest point in the
local nadir, for the 365–day–old CFE and the algorithm that produced these results.
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Figure 47: Shows the color mapped contour, heights of the tubercle peak and lowest point in the
local nadir, for the 120–day–old CFE and the algorithm that produced these results.
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Figure 48: Shows the color mapped contour, heights of the tubercle peak and lowest point in the
local nadir, for the 35–day–old CFE and the algorithm that produced these results.
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Figure 49: Shows the color mapped contour, heights of the tubercle peak and lowest point in the
local nadir, for the 20–day–old CFE and the algorithm that produced these results.
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Appendix F: Cylinder Profile Projection Study
To test the feasibility of controlling where a cylinder perimeter was “cut”, so the profile
could be “unwrapped” and projected onto a plane, a cylinder was created with specific surface
features. This allowed the unwrapped, projected profile to be accurately mapped back to the
specific locations around the circumference of the cylinder. The profile was then exported as a
discrete representative set of 2000 evenly spaced data points (NX 9.0 Software, Siemens, Plano,
TX) (Fig 50). This study showed that it was feasible to determine and control exactly where a
cylinder profile was cut and unwrapped, which was important for accurately mapping surface
features to the polar coordinate system of quadrants.

Figure 50: The profile of the cylinder was intended to have the cut occur at the 0˚and
360˚interface, so the unwrapped profile could be projected and mapped. The exported data was
plotted (top) to verify that the profile could accurately be exported for analysis.
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Appendix G: Biomodel Mammillary Process Substantiation
Measurements of mammillary processes were made on the 900–day–old CFE biomodel
and were comparable to approximate measurements of histology from the proximal end of
bovine tibia growth plate (Fig 51).

Figure 51: Left) Bovine histology with approximate measurements of mammillary processes of
the epiphyseal plate. Right) Cylinder of radius r for the 900–day–old animal, with measurements
in the selected box comparable with that of the bovine complex. Profile depth measurements
from left to right are 0.2937mm, 0.649mm and 0.2635mm.
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Appendix H: Form and Wav Polynomial Study and MATLAB Code
Polynomials of nth order were used to determine the form and wav polynomials that were
used in the deconvolution of the initial unwrapped and projected primary profile, to isolate the
secondary and tertiary profiles. Polynomials of the lowest order needed to approximate a solution
that had the least error were chosen for the form and wav solutions, using a custom MATLAB
algorithm (MATLAB software, MathWorks, Natick, MA). This was done for each profile obtained
from cylinders of radius r and 2/3r (Fig 32-35).
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Figure 52: Form and wav polynomials of the least fit error for the projected profiles from
cylinders of radius r, are shown for animals 900, 540 and 365 days old. Top curve) the projected
profile with the nth order polynomial (red). Bottom curve) The result of the curve after
subtracting out the polynomial from the profile.
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Figure 53: Form and wav polynomials of the least fit error for the projected profiles from
cylinders of radius r, are shown for animals 120, 35 and 20 days old. Top curve) the projected
profile with the nth order polynomial (red). Bottom curve) The result of the curve after
subtracting out the polynomial from the profile.
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Figure 54: Form and wav polynomials of the least fit error for the projected profiles from
cylinders of radius 2/3r, are shown for animals 900, 540 and 365 days old. Top curve) the
projected profile with the nth order polynomial (red). Bottom curve) The result of the curve after
subtracting out the polynomial from the profile
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Figure 55: Form and wav polynomials of the least fit error for the projected profiles from
cylinders of radius 2/3r, are shown for animals 120, 35 and 20 days old. Top curve) the
projected profile with the nth order polynomial (red). Bottom curve) The result of the curve after
subtracting out the polynomial from the profile
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Appendix I: Surface Texture Analysis MATLAB Code
A custom MATLAB algorithm was used to perform a surface texture analysis on the
projected profiles obtained from the unwrapped perimeters from cylinders of radius r and 2/3r
for each age. The code required slight adjustments for each age analyzed; namely the input data
(Data … script pg3), polynomial order (“Form Polynomial” … script pg4 and “Waviness
Polynomial” … script pg4), circumferential length (Convert Degrees to Distance … script pg10
& 28) and determine the CLA (Find Center Line Average … script pg10 & 29). Due to the
length of the algorithm, only the code for the 900–day–old animal was admitted in this appendix.
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Figure 55: Shown is the set of unwrapped, projected profiles defined by cylinder r, with the
order of the polynomial solution for the form and wav polynomials (np), and the deconvolution
results of the secondary and tertiary profiles. Color corresponds to quadrant; caudal lateral
(blue), caudal medial (gold), cranial medial (purple), cranial lateral (green).
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Figure 56: Shown is the set of unwrapped, projected profiles defined by cylinder 2/3r, with the
order of the polynomial solution for the form and wav polynomials (np), and the deconvolution
results of the secondary and tertiary profiles. Color corresponds to quadrant; caudal lateral
(blue), caudal medial (gold), cranial medial (purple), cranial lateral (green).
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Figure 57: Shown is the set of surface texture analyses for secondary (waviness) profiles defined
by cylinder r. Evaluation intervals where there was not a peak and valley, were omitted from the
set of evaluation lengths and are shaded in the plots.
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Figure 58: Shown is the set of surface texture analyses for secondary (waviness) profiles defined
by cylinder 2/3r. Evaluation intervals where there was not a peak and valley, were omitted from
the set of evaluation lengths and are shaded in the plots.
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Figure 59: Shown is the set of surface texture analyses for tertiary (roughness) profiles defined
by cylinder r. Evaluation intervals where there was not a peak and valley, were omitted from the
set of evaluation lengths and are shaded in the plots.
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Figure 60: Shown is the set of surface texture analyses for tertiary (roughness) profiles defined
by cylinder 2/3r. Evaluation intervals where there was not a peak and valley, were omitted from
the set of evaluation lengths and are shaded in the plots.
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These values quantitatively describe the average height and distance between the
mammillary processes in the regions defined by circles of radius r, and 2/3r.

Figure 61: Each graph plots the avg and Aavg for secondary (red dash–dot) and tertiary (blue
solid) profiles that were obtained from the deconvolution of the primary profile of cylinders of
radius r, for each age.
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Figure 62: Each graph plots the avg and Aavg for secondary (red dash–dot) and tertiary (blue
solid) profiles that were obtained from the deconvolution of the primary profile of cylinders of
radius 2/3r, for each age.
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Table 11 is the summary of the averaged wavelengths, amplitudes and counts.
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Appendix J: Comparative Study Data
Surface texture analysis performed with the VR–3000 G2 provided profiles obtained
from line samples across the surface in regions defined by cylinders of radius r and 2/3r. Ra and
Rz analysis was furnished on the following sets of reports for the 20 and 900–day–old (Fig 58–
61).

Figure 63: VR–3000 G2 report for the 20–day–old, with the surface line profile in the region
defined by cylinders of radius 2/3r.
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Figure 64: VR–3000 G2 report for the 20–day–old, with the surface line profile in the region
defined by cylinders of radius r.

152

Figure 65: VR–3000 G2 report for the 900–day–old, with the surface line profile in the region
defined by cylinders of radius 2/3r.
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Figure 66: VR–3000 G2 report for the 900–day–old, with the surface line profile in the region
defined by cylinders of radius r.
All four Gaussian filtered roughness profiles were digitized (as previously defined), and
run through the custom MATLAB algorithm for analysis using the same analysis conditions of
the VR–3000 G2 (Fig 62). All four “total profiles” were also digitized (as previously defined)
and run through the MATLAB algorithm, using the nth order polynomial deconvolution (Fig 63).
Data obtained from the MATLAB algorithm was compared to data provided by the VR–3000 G2
reports.
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Figure 67: The set of digitized, Gaussian filtered profiles from the VR–3000 G2 reports, run
through the custom MATLAB algorithm, using the same analysis conditions.
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Figure 68: The set of digitized, total profiles from the VR–3000 G2 reports, run through the
custom MATLAB algorithm, using nth order polynomial deconvolution for analysis.
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